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ULTRATHIN CRYSTALLINE METAL BORIDES SYNTHESIZED 
BY ATOMIC SUBSTITUTION 
HAOQI REN 
ABSTRACT 
Transition metal borides (labeled as MBenes) nanosheets, an emerging family of two 
dimensional (2D) materials, is considered promising in the fields of electrocatalysis, ion 
batteries and superconductors, despite only a few MBenes have been successfully prepared. 
Thus, expanding the landscape of 2D metal borides is of great importance. However, 
developing facile methods for ultrathin crystalline MBenes with satisfactory lateral 
dimension for electronic devices is still highly desirable due to the difficulties in the 
traditional synthesis approaches such as chemical vapor deposition (CVD) and mechanical 
exfoliation. Hereby, we focus on the preparation of	metal borides with a simple atomic 
substitution method. In this project, we use ultrathin materials including Mo5N6 and 
exfoliated MoS2 as well as WS2 as precursor and B/B2O3 powder as boron sources. By this 
method, we obtain various ultrathin crystalline metal borides without damaging the original 
morphology. Additionally, we also demonstrate the achievement of B-doping metal 
dichalcogenides and nitrides by partial substitution through controlling the reaction time 
and temperature.	We believe this method will give a new insight on how to obtain various 
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CHAPTER ONE: INTRODUCTION OF TWO-DIMENSIONAL METAL 
BORIDES 
1.1 Theoretical Prediction on MBenes 
Transition metal borides (TMBs) have attracted great attention due to their diverse 
applications in a wide range of fields including energy storage/conversion, 
photo/electrocatalysis, spintronics and flexible devices.[1-3] For instance, amorphous 
quaternary metal borides nanoparticles such as Fe-Co-Ni-B or Fe-Ni-B have exhibited 
extraordinary electrocatalytic OER performance.[4,5] Besides, MgB2 nanohelices grown 
by a  self-catalyzed vapor−liquid−solid mechanism are capable to be manufactured into 
highly flexible superconducting cables or nanosolenoids.[6] However, reports on 
successful synthesis of 2D metal borides which are named as MBenes, are still rare. 
Indeed, many predictions on the structure and applications of different MBenes have 
been reported in recent years. For instance, Guo et al. estimated that stable 2D MnB sheets 
would be composed of rectangular unit cells with lattice constants a = 2.881 Å and b = 
2.932 Å containing two Mn atoms and two B atoms.[7] The MnB nanosheets would exhibit 
robust metallic ferromagnetism and high Curie temperature, which could even be modified 
by the functionalization with –F and –OH groups. Besides, 2D Mo2B2 and Fe2B2 are 
predicted to be appealing electrode materials for lithium ion-batteries due to the small 
omnidirectional diffusion energy barrier and high storage capacity for Li atoms.[8] Thus, 
it will be vital to develop a convenient method to expand the landscape of MBenes due to 
their potential applications in energy storage/conversion, photo/electrocatalysis, 




1.2 Methods to Prepare Two Dimensional Metal Borides 
Although various MBenes have been predicted, only quite a few have been successfully 
prepared. In this part, we will cover the most recent work on synthesis of MBenes and 
discuss the advantages and disadvantages of their methods. 
Since MBenes are usually regarded as derivatives of MXenes by introducing B as the 
X element, MBenes can be obtained by the conventional selective etching method. Guo et 
al. predicted the synthesis of 2D Mo2B2 and Fe2B2 from etching layered orthorhombic 
transition metal borides (MB)2Aly(MB2)x (labeled as MAB phases) in 2017.[9] Using this 
method, the chemical exfoliation could be achieved after etching away the Al layers, since 
the MB sublattice in the layered MAB precursor is interleaved by one or two Al layers and 
the bonding energies of M–Al and Al–Al bonds are much lower than those of M–B bonds. 
Later, Alameda et al. successfully achieved the synthesis of MoB via the selective etching 
method as shown in Fig. 1a. However, this method shows several restrictions. First, it 
requires suitable MAB phases to obtain desired MB nanosheets. Thus, the MAB phases 
need to not only have a layered structure for exfoliation but also in a certain alignment of 
atoms. For instance, MoAlB (stable phase) and Mo2AlB2 (metal stable phase) are two 
typical types of MAB phases. It was found that Mo2AlB2 was more proper to be a viable 
MAB-phase precursor which would enable the high-yield synthesis of 2D MoB.[9] 
However, due to the higher content of Al in MoAlB phase, high density of stacking faults 
will be formed, causing etching cavities. Second, due to the harsh etching process, the 
metal atoms would be dissociated from the planes if M-B bond is not strong enough, 




through such method in theory, the re-stacking would result in an uneven distribution in 
thickness and thus make the nanosheets non-uniform. 
An alternative way for the 2D materials preparation is liquid exfoliation. Das et al. 
successfully synthesized few-layer-thick Mg-deficient hydroxyl-functionalized nanosheets 
via simply ultrasonicating bulk MgB2 in water as shown in Fig. 1b.[10] Later, they reported 
a chelation-assisted exfoliation method for synthesizing highly functionalized MgB2 
nanosheets decorated with hydride, hydroxyl and oxy-functional groups.[11] Although the 
liquid phase exfoliation shows great advantages in low-cost scalable synthesis, the as-
produced nanosheets tend to have a wide range of thickness and lateral size distribution 
	
Fig. 1.1 (a) Schematic illustration of the transformation from MoAlB to monolayer 
MoB. Reprinted with permission from Ref. 9. Copyright ACS 2018. (b) Scheme 
representing the exfoliation of layered MgB2 to few-layer-thick chemically modified 




and it seems to be impossible to produce large, yet thin nanosheets.[12] More importantly, 
unmodified few-layer 2D forms of the family of metal borides has rarely been synthesized 
in this way due to the lack of van der Waals gap in most bulk borides. Therefore, it is highly 
demanding to develop an effective method to obtain uniform ultrathin metal borides 
nanosheets for high performance electronic and optoelectronic devices. 
We propose a novel atomic substitution method for the synthesis of MoxBy nanosheets 
through a gas-solid phase reaction, which could potentially lead to large-area crystalline 
MBenes. In Chapter II, we present the synthetic process and characterization of metal 
borides, which are converted from a series of ultrathin materials including molybdenum 
nitrides, molybdenum disulfides and tungsten disulfides. In Chapter III, we apply the 
atomic substitution method to synthesize B-doped molybdenum disulfides and nitrides. 
Last, we present a summary of the project and current challenges, followed by outlooks for 
future study. 











CHAPTER TWO: ULTRATHIN METAL BORIDES PREPARED BY ATOMIC 
SUBSTITUTION 
2.1 Introduction 
Nitridation process has been regarded as a promising method to obtain low dimensional 
metal nitrides.[13-16] 2D molybdenum nitrides nitrides can be easily obtained by 
annealing their carbide and disulfide precursors in an ammonia atmosphere, and 
meanwhile, the crystal structure can be inherited from the original lattice.[13,14] Notably, 
our group has proposed a new approach, namely atomic substitution method, to synthesize 
ultrathin molybdenum nitride (Mo5N6) exhibiting high crystallinity over the entire 
area.[17] As shown in Fig. 2.1,	due to the similar alignment of Mo atoms in both MoS2 and 
Mo5N6, the ammonia molecules enter the vdW gap of MoS2 and substitute the sulfide 
atoms. Finally, the as-prepared Mo5N6 is confirmed to inherit both high crystallinity and 
two-dimensional nature of MoS2 over the entire area. Inspired by the previous work, the 
	
Fig. 2.1 Schematic illustration of chemical conversion from MoS2 to Mo5N6. 





conversion of ultrathin metal disulfides or nitrides for MBenes can be achieved via atomic 
substitution in a similar way. 
Due to the high melting and sublimating point of boron, the boronizing process are 
usually conducted under extremely high temperature (e.g. 1600 oC) and pressure (e.g. 5 
Gpa).[18] Thus, it is vital to develop better boronizing way for the atomic substitution 
process. A way for the boronizing process at relatively low temperature is to use diboron 
dioxide (B2O2) as the boronizing agent.[19,20] In 2015, Tai et al. successfully prepared 
ultrathin boron film on copper foils	by chemical vapor deposition.[19] In the reaction, a 
mixture of pure boron and boron oxide (B2O3) powders was used as the boron source and 
produced B2O2 vapor at 1100 oC. The B2O2 vapor would then be reduced into boron on the 
copper foil under H2 environment. Later, similar strategy was applied to obtain Mo3B thin 
film using same boron source. [20] In that study, a hexagonal Mo3B film with the thickness 
of	6.48 nm	on Mo foils was prepared by chemical vapor deposition using the mixture of 
boron and boron oxide powders to generate B2O2 as boron source and hydrogen gas as both 
the carrier and reducing gas. However, there are still some drawbacks: First, the growth 
rate of the trimolybdenum borides was limited by the diffusion rate of boron in 
molybdenum, and thus it will show disadvantages in preparing thicker sample; second, the 
reaction temperature is still ultrahigh (from 900 to 1400 oC), while a milder condition will 
be much preferred for both energy saving and safety; last, the presence of Mo foils will 
influence the characterization such as electrical measurements of the metal borides, which 
will hamper the investigation of the intrinsic properties of 2D metal borides. Therefore, we 




and MXenes to high-quality and large-area MBenes under a relatively mild condition.  
2.2 Sample Preparation 
2.2.1 Preparation of Precursors 
In this experiment, we used either ultrathin metal disulfides or metal nitrides as precursors. 
The ultrathin metal disulfides including MoS2 and WS2	were prepared via a mechanical 
exfoliation method.[21] In this method, the ultrathin metal disulfides flakes were peeled 
from their bulk materials by scotch tapes and then transferred onto clean SiO2/Si or 
sapphire substrates. The preparation of metal nitrides was based on the previous work,[17] 
where the as-prepared ultrathin MoS2 flakes were placed in the tube furnace and annealed 
in an ammonia atmosphere. By controlling the reaction temperature, we can obtain either 
ultrathin Mo5N6 or MoN nanoflakes.     
2.2.2 Preparation of Metal Borides 
The experimental setup is shown in Fig. 2.2. The as-prepared precursor on a substrate was 
placed at the center of the heating zone. The boron source, a mixture of B and B2O3, was 
	






placed at a fixed position which was 8.90 cm away from the center. 50 sccm hydrogen flow 
was applied to serve as both the carrier and reducing gas. Samples were heated from room 
temperature to the target temperature (within the range of 650~850 °C) with a ramping 
time of 30 minutes. Afterwards, the system was held at the target temperature for another 
30 minutes to ensure the conversion was completed. At the end, the lid of the furnace was 
opened and the sample was automatically cooled to room temperature before taking out.   
	
2.3 Characterization of Metal Borides Transformed from Metal Nitrides  
In this section, we will demonstrate the in situ transformation from molybdenum nitrides 
to molybdenum borides can be achieved by the atomic substitution method. Both 
morphology and structural characterizations including optical microscope, Raman 
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and atomic force microscopy (AFM) were conducted to confirm the conversion. 
2.3.1 Optical Characterizations of Metal Borides 
The optical image and Raman spectra of metal borides synthesized under different 
temperature are shown in Fig. 2.3. By comparing the morphology before and after 
conversion through the optical images, no obvious morphology change including cracks, 
shrinks or wrapping, occurred under the reaction temperature 700 oC and 750 oC, while the 
optical contrast of the flakes changed dramatically after the reaction. The results indicate 
that the boronizing would occur and result in the differences in optical properties without 
altering the original morphology. It is also notable that the structure decomposes and the 
flakes shrink when the temperature is elevated to 800 oC. It could be because the 




concentration of dangling bonds which are much more active during the reaction.[22] 
 The results of Raman spectra in Fig. 2.3(g) indicate the materials changed as well. 
According to the previous work, Mo5N6 would show a Raman peak around 215 cm-1.[17] 
However, this peak was vanished in all the three samples after the conversion, indicating 
the disappearance of molybdenum nitrides. Interestingly, the Raman peaks of thick and 
thin flakes disappear, while the characteristic Raman peak of Mo5N6 remains in the flakes 
	
Fig. 2.3 Optical characterizations of Mo5N6 and MoxBy.(a-h) Optical images of (a), 
(b), (c) Mo5N6, and (d), (e), (f) corresponding MoxBy obtained at 700, 750, 800 oC, 




with moderate thickness (shown in Fig. 2.4). This can be attributed to the thickness 
dependent reaction rate. A possible explanation is that the thick flakes possess more 
dislocations and defects on the surface, which could serve as reaction active sites for the 
boronizing. However, a further investigation should be explored. Additionally, it is worth 
mentioning that no characteristic peak of any metal borides was observed, which might be 
ascribed to the weak intensity due to the metallic behavior of metal borides. When the 
boronizing process at 700 oC was prolonged to one hour, neither optical contrast nor Raman 
spectra exhibited obvious change, suggesting the conversion had already finished in the 
first 30 minutes.       
	
Fig. 2.4 Raman spectra of the MoxBy with different thickness at 700 oC. Inset: 





2.3.2 Phase Characterizations of Metal Borides  
In order to further determine the composition of the products, SEM and EDS mapping were 
done on a relatively thick flake as shown in Fig. 2.5.  The EDS showed Mo atoms were in 
a uniform distribution after the conversion and most B atoms were concentrated on the 
flake, indicating the conversion has already occurred. The EDS spectrum also confirmed 
the presence of B after conversion due to the boron peak occurred in the product. However, 
as we can find in Fig. 2.5(d), isolated boron would be deposited on the blank substrate area 
around the samples as byproduct of the boronizing process. By reducing the temperature 
to 650 oC, the deposition of boron can be minimized, while the conversion of molybdenum 
nitrides will be slowed down as well. 
To address this issue, we investigate the conversion on different substrates including 
300 nm SiO2/Si, 500 nm SiO2/Si and sapphire substrates. AFM is used to characterize the 
thickness of deposited boron film. As shown in Fig. 2.6, the optical images and AFM 
results of converted metal borides prepared on different substrates are given. It can be seen 
	
Fig. 2.5 EDS mapping and spectra of a MoxBy flake synthesized at 700 oC. (a) SEM 
image of the MoxBy flake. (b)-(d) EDS mapping of Mo (b), Si (c) and B (d) from the 





that significant amount of B is deposited on the 300 nm SiO2/Si substrate, leading to the 
difficulty to measure the thickness of the flake. In contrast, almost no boron deposition is 
found on the sapphire substrate. Thus, sapphire could be a better choice for the boronizing 
process. Further study on the thickness change before and after the conversion is ongoing.  
One reasonable explanation for the clean surface of sapphire after the conversion is that 
the temperature of substrate surfaces is different during the reaction even though the 
reaction temperature is set as the same. Another possible explanation is that the boron may 
	
Fig. 2.6 Optical images and AFM images with height profiles. (a) Optical image of 
MoxBy on a 300 nm SiO2/Si substrate. (b) and (c) The AFM image and 
corresponding height profile of the MoxBy flake in (a), respectively. (d) Optical 
image of MoxBy on a 500 nm SiO2/Si substrate. (e) and (f) The AFM image and 
corresponding height profile of the MoxBy flake in (d), respectively. (g) Optical 
image of MoxBy on a sapphire substrate. (h) and (i) The AFM image and 





diffuse through the layer of  SiO2 and be doped into underneath Si.[23] Besides, Shimakura 
et al. also manifested the diffusion of boron into thermally grown SiO2 was found to be 
dependent on drive-in ambient and to be especially fast in H2 ambient.[24] Based on these 
results, we hypothesize that the boron is first absorbed on the surface of silica and then 
diffuse through the SiO2 layer and finally into the silicon, leading to the color change of 
silicon substrate after conversion.  
High-resolution TEM (HRTEM) was exploited to further confirm the phase of the as-
obtained molybdenum borides (Fig. 2.7). As shown in Fig. 2.7(a), the molybdenum borides 
after conversion still kept a good crystalline structure and the	 interplane displacements 
extracted from the TEM image was around 2.55 Å. Besides, the crystal structure of the 
	
Fig. 2.7 (a) HRTEM image of MoxBy flake synthesized at 700 oC. (b) 
Corresponding SAED image of (a). (c) Schematic illustration of MoB2 from top 





molybdenum borides was confirmed to be a hexagonal phase, which should be inherited 
from Mo5N6, based on the SAED patterns shown in Fig. 2.7(b). Notably, no distinct 
difference was found in TEM when using ultrathin MoN (which is another phase obtained 
through the nitridation of MoS2 flakes) as precursors. Referring to the Mo-B phase diagram, 
there are four possible phases including MoB4, MoB2, MoB and Mo2B under the reaction 
temperature.[25] Among them, MoB4 and MoB2 are in hexagonal phases, while MoB and 
Mo2B are in tetragonal phases. In addition, the (110) interplane spacing of MoB2 is 2.62 Å, 
while that of MoB4 is 4.61 Å. Thus, MoB2 should be the most possible phase after the final 
conversion.    
2.4 Characterization of Metal Borides Transformed from Metal Disulfides 
In order to extend the atomic substitution method for more ultrathin metal borides, we 
investigated the conversion with layered transition metal disulfides (TMDs) as precursors. 
2.4.1 Optical Characterizations of MoxBy converted from MoS2 
MoS2, one of the most representative TMD materials, is generally used as a model system 
in the experiments. The conversion process was the same as the conversion of molybdenum 
nitrides. Optical images, Raman spectra and PL spectra of MoB2 synthesized at different 
temperature are shown in Fig. 2.8. Significant optical contrast change was observed from 
MoS2 to MoB2, meanwhile the morphology remains the same as before though some flakes 
may become porous. The defects might be caused by the syngenetic effect of the etching 
of hydrogen and sublimation of MoS2 under high temperature.[26,27] Fig. 2.8(g) shows 
the change in Raman peaks before and after conversion. Pronounced A1g and E2g modes at 




modes disappeared completely after the reaction without new characteristic peaks 
aroused.[28,29] Moreover, PL spectra shows that thick flakes prepared at 750 oC still 
presented an indirect band gap PL of MoS2, while thin flakes exhibited no PL peak.[30] 
Considering the metallic nature of MoxBy, no energy gap between conduction band and 
valence band is expected, the disappearing of PL matches well with the prediction. 
	
Fig. 2.8 Optical characterizations of MoS2 and MoxBy.(a-h) Optical images of (a), 
(b), (c) MoS2, (d) (e) (f) MoxBy obtained at 700, 750, 800 
oC, respectively. (g) Raman 
spectra of MoxBy obtained at 700, 750, 800 oC. (h) PL spectra of MoxBy with 






Since H2 will etch the MoS2 flakes above 700 oC, we also tried to use argon as an 
alternative carrier gas to avoid the damage of morphology. The optical images are shown 
in Fig. 2.9, in which an apparent optical contrast change is observed as the presence of H2. 
Though the optical contrast showed a slight change when reacting in Ar atmosphere, the 
Raman peaks of MoS2 are still quite strong. Therefore, H2 was proved to be essential in the 
reaction, because it serves as not only carrier gas but also reducing gas for the boronizing.   
	
Fig. 2.9 Optical characterizations of MoS2 and MoxBy.(a-h) Optical images of (a), 
(b), (c) MoS2, and (d) (e) (f) MoxBy obtained in H2, H2/Ar, Ar atmospheres at 700 




2.4.2 Optical Characterizations of WxBy converted from WS2    
WS2 was also applied as a precursor in order to prove that diverse ultrathin metal borides 
could be prepared through the atomic substitution method. Optical images and Raman 
spectra are shown in the Fig. 2.10. A partial conversion of WS2 was observed after the 
reaction at 650 oC, and an overheating phenomenon occur at 700 oC, resulting in the crack 
of nanoflakes. Therefore, 675 oC is the optimized temperature condition for the boronizing 
of WS2. Raman characterization showed that the Raman signatures around 355 and 418 
cm-1 from thin WS2 flakes vanished completely, indicating the transformation from WS2 
to WxBy was achieved.[31] For thicker flakes, the intensities of WS2 Raman peaks were 
quite weak after the reaction, despite visible. 
	
Fig. 2.10 Optical characterizations of WS2 and WxBy.(a-h) Optical images of (a), 
(b), (c) WS2, and (d) (e) (f) WxBy obtained at 650, 675, 700 
oC, respectively. (g) 
Raman spectra of MoxBy obtained at 650, 675, and 700 oC. (h) Raman spectra of 






In this chapter, we reported the conversion from TMDs and molybdenum nitrides to 
MBenes via the atomic substitution method and the products were characterized through 
multiple techniques. MoxBy and WxBy were successfully synthesized through a boronizing 
process and their original morphologies were maintained. The product from molybdenum 
nitrides was determined to be MoB2 by EDS and TEM. The SAED results showed that the 
as-obtained molybdenum borides had a hexagonal phase and the interplane distance 
matched well with theoretical data of MoB2.	Raman spectra were also used to show the 
disappearance of the phase of precursors as an additional evidence.  Besides, the influences 
of temperature, substrate, and carrier gas were also explored. According to our results, the 
reaction was sensitive to temperature and the framework of the sample was completely 
damaged when the temperature is superhigh. The choice of substrate was also vital to avoid 
excess boron deposition on the substrate. Additionally, we proved the presence of H2 is 
necessary for the boronizing process in order to keep a reducing ambient. 
Though we have primarily determined the phase of MoB2, further investigations 
including XPS for a precise composition and AFM for the change in thickness are still 
required in order to uncover the mechanism of transformation process. Besides, the 
structure of products converted from TMDs should also be investigated in future study. 
Furthermore, some intrinsic properties of MBenes such as conductivity, light absorption or 
thermal properties have not been evaluated, which could be important topics to focus on in 






CHAPTER THREE: CONTROLLED B-DOPING VIA PARTIAL CONVERSION 
3.1 Introduction 
Chemical doping is a powerful way to modify the band structure of materials as well as 
chemical properties.[32-34] Boron doping has attracted great attention due to the strong 
electron deficiency in boron atoms, which are usually used to achieve the p-type 
doping.[33,35] In 2019, Li et al. predicted MoS2 could be doped with a diboron pair from 
DFT simulations.[36] The B-doped MoS2 could possess excellent structural and 
thermodynamic stability, and exhibits significant improvement in conductivity. Thus, it is 
meaningful to develop a controllable B-doping method for MoS2 and Mo5N6. 
Our doping strategy is based on the atomic substitution mechanism of the boronizing 
process of MoS2 and Mo5N6 presented in Chapter 2. We hypothesize that the S atoms could 
be completely kicked out gradually and B atoms could occupy the vacancy sites formed by 
the Mo lattice to form MoxBy, while the Mo atoms almost remain the same alignment 
simultaneously. Thus, by controlling the degree of conversion, we can dope B atoms into 
MoS2 and Mo5N6 with only substituting quite a small portion of S or N atoms. The B-
doping method by atomic substitution has some merits in preparing desired samples. First, 
the amount of doped B will be feasibly tuned by controlling the reactions parameters 
including temperature and reaction time. Second, B-doping via atomic substitution could 
provide clean doped materials without impurities from contaminations, compared to 
traditional B-doping method that usually applies organic agents such as melamine or 




3.2 Sample Preparation 
We used the same setup as that in Chapter 2 to achieve doping of MoS2 and Mo5N6 sample.  
In order to dope boron into the target sample instead of completely converting into borides, 
we applied a much milder condition for the reactions including lowering the temperature 
down to 600-630 oC and shortening the reaction time. The hydrogen flow of 50 sccm will 
carry B2O2 to MoS2 and Mo5N6 samples downstream for the reaction. For each doping 
session, temperature was ramped from room temperature to target temperature in 30 
minutes and was held for a certain time. Afterwards, the sample was further characterized 
by optical images and Raman spectra as well as PL spectra if applicable. 
 3.3 Optical Characterizations of B-Doped Materials 
3.3.1 Optical Characterizations of B-doped Mo5N6 
	
Fig. 3.1 Optical characterizations of B-doped Mo5N6. (a) Optical images and 






Mo5N6 has been successfully converted into metal borides, and thus we use it as a target 
material for the doping. A B-doping process was taken under 620 oC and optical 
characterizations were taken every 15 minutes (shown in Fig. 3.1). Throughout the doping 
sessions, optical contrast of the thin flakes shows a relatively apparent change between the 
pristine Mo5N6 and B-doped sample. The Raman peaks of the products vanished quickly 
for the thin flakes while slowly for the thick flakes (Fig. 3.1b), which is corresponding with 
the results in optical images in Fig. 3.1a.  
A further characterization using Raman spectroscopy on B-doped Mo5N6 prepared at 
different temperatures with a shorter session (10 minutes) was performed, in order to 
determine the best doping condition. As shown in Fig 3.2(a), the conversion was 
completely even in 10 minutes, suggesting that the fast transformation rate of Mo5N6. Fig. 
3.2(b) and (c) show the characteristic Raman peaks of Mo5N6 around 215 cm-1 during the 
doping process at 620 and 630 oC, respectively.	The decay rate of the Mo5N6 peaks at 620 
oC was apparently slower than that of 630 oC, indicating the doping reaction was sensitive 
to temperature. Besides, the Raman peaks of both samples became broader with increasing 
the reaction time. It is attributed to the slight distortion of crystal structure caused by boron 
	
Fig. 3.2 Raman spectra of B-doped material prepared at different temperatures. 





doping. However, the Raman peaks almost present no shift during the doping process, 
which can be attributed to the small size of boron atoms as well as low doping 
concentration.  
3.3.2 Optical Characterizations of B-doped MoS2     
MoS2 nanosheets have been considered as one of the most promising materials for flexible 
electronic devices, and doping will be an efficient way for optimizing the band gap and 
Fermi level.[39] Compared with Mo5N6, MoS2 was more unstable in H2 atmosphere, so we 
take a shorter session (5 minutes) for the doping and the product was characterized by 
Raman and PL spectra. 
As shown in Fig. 3.3(a), the Raman peaks of the doped materials obtained at different 
temperatures did not exhibit obvious shift, where the sample remains apparently as MoS2. 
Fig. 3.3(b) is a zoomed-in Raman spectra of Fig 3.3(a). In these spectra, it is observed that 
the Raman peak of pure MoS2 was quite smooth, while the peaks after doping process 
became asymmetric, which is considered as the influence of doped boron and formed 
defects. 
	
Fig. 3.3 (a) Raman spectra of B-doped MoS2 prepared at different temperatures. 





The PL spectra of B-doped MoS2 flakes synthesized at 610, 620 and 630 oC are shown 
in Fig. 3.4(a), (b) and (c), respectively. Two relatively small PL peaks around 2.13 eV 
could be observed only after the doping process in all samples, which cannot be attributed 
to either MoS2 or Si. Besides, the small peak was observed only on thinner flakes (in Fig 
3.4(e)) and became stronger when raising the temperature, indicating the successful doping 
of boron. By fitting the spectra ranging from 1.75 eV to 1.90 eV into one Gaussian peak,  
the center of PL peak of pristine and doped sample at 610, 620 and 630 oC is 1.838 and 
1.823 eV, 1.825 and 1.829 eV, 1.836 and 1.825 eV, respectively. Thus, the band gap of B-
doped MoS2 had a red shift of 15 and 11 meV after doping at 610 and 630 oC, respectively. 
Interestingly, the band gap of B-doped MoS2 had a 4 meV blue shift after doping at 620 
oC. The phenomenon could be ascribed to a syngenetic effect of the formation of vacancies 
and boron doping.  
	
Fig. 3.4 PL spectra of B-doped MoS2 synthesized at 610 oC (a), 620 oC (b) and 630 




As shown in Fig. 3.5, exciton composed of one electron-hole pair exists in MoS2 and 
the energy of exciton generally can be reflected in PL spectra. Since large quantities of S 
vacancies could be generated in MoS2, it usually exhibits as an n-type semiconductor with 
the presence of negative trions.[40] Theoretically, negative trions composed of two 
electrons and one hole could form and the PL spectra could show a red shift with 26–38 
meV (i.e. the binding energy of trion), if the predominant PL process switched from exciton 
to negative trion.[41] In other words, the PL peak would exhibit a blue shift when the 
negative trions turned into neutron excitons. Thus, a possible hypothesis about the shift of 
PL peaks under different temperature could be proposed as follow: First, S vacancies begin 
to form by the etching of hydrogen at 500 oC,[42] leading to the generation of negative 
trions and thus a red shift of PL peak. Next, B is doped into MoS2 at 620 oC and then the 
negative trions transform into excitons due to the increased concentration of holes. Thus, 
the predominant PL process would switch from negative trions to excitons, represented by 
a blue shift in the spectra (as shown in Fig. 3.4(b)). When the temperature is higher, the 
	
Fig. 3.5 Schematic illustration of the energy levels of excitons and trions in B-doped 





formation of S vacancies becomes faster than the doping of B atoms, resulting in the red 
shift of PL peak (see Fig. 3.4(c)).  
3.4 Summary 
In this chapter, we primarily explored the possibilities of doping boron into ultrathin 
molybdenum nitrides and TMDs via an atomic substitution method. Based on our results, 
B-doping could be achieved for both molybdenum nitrides and molybdenum disulfides. 
Moreover, the doping of B could increase the concentration of holes and result in the 
transformation from negative trions to excitons. This indicates the possibility that MoS2 
could be transformed from n-type semiconductor to p-type semiconductor via B-doping 
method, which will be of great importance in fabricating MoS2-based electronic devices.  
However, sulfur vacancies are easy to form due to the presence of H2 and lead to an n-
type doping again. Thereby, the conditions of B-doping should be further determined. 
Besides, only optical characterizations haven been used in current stage, while multiple 
techniques should be applied for confirming the doping of boron. Additionally, more 
measurements including conductivity measurements should be done in the future, which 





CHAPTER FOUR: SUMMARY 
MBenes have attracted great attention in recent years as an emerging family member of 2D 
materials and large quantities of calculations and predictions have been made on diverse 
two-dimensional metal borides. However, the synthesis of MBenes has met many 
restrictions such as difficulties in finding precursors or low quality of products. Therefore, 
it is necessary to develop a new method to prepare large area crystalline ultrathin metal 
borides. In this thesis, we proposed a novel atomic substitution synthetic route and the as-
obtained metal borides inherited the original morphology of the precursors in Chapter 2. 
We also proved that the atomic substitution showed giant potential in doping boron into 
MXenes or TMDs in Chapter 3.  
In Chapter 2, we applied different 2D precursors including Mo5N6, MoS2 and WS2 into 
the synthesis of MBenes. The results showed that ultrathin MoB2 could be synthesized 
using Mo5N6 as precursor and the morphology after conversion kept unchanged. Besides, 
the as-obtained ultrathin MoB2 was still in a crystalline form with a hexagonal structure 
inherited from Mo5N6. The conversion from other precursor could also occur without 
apparent damage in morphology. Thus, the method could be a general method for preparing 
diverse 2D materials. However, further characterizations need to be done in the future for 
revealing the mechanism of the transformation and electrical measurements should be 
performed to explore the potential applications. 
 In Chapter 3, we explored the possibilities to dope B atoms into molybdenum nitrides 
and disulfides. It was found that both molybdenum nitrides and disulfides could be doped 




increasing the concentration of holes and even exhibits the possibility to transform from n-
type semiconductors to p-type semiconductors. Thus, it will be vital to optimize the 
conditions of experiments in order to suppress the formation of sulfur vacancies. 
Additionally, electrical measurements should also be conducted for further investigation 
of	the	potential applications. 
In summary, our atomic substitution method facilitates the preparation of various high-
quality crystalline MBenes and opens a new door toward a group of emerging 2D materials 
that previously are almost inaccessible. Moreover, the promising controllable B-doping 
method will also be of great significance in designing high performance electronic and 
optoelectronic devices with special requirements.    
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